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ABSTRACT
In (pre)-planetary environments, dust and sand grains regularly collide. They electrically charge
and discharge during these events. In this work, we study if cosmic radiation has any influence on
the equilibrium charge state on timescales of minutes. We developed an experiment that was carried
out during the ascent of a stratospheric balloon. With increasing altitude, the radiation activity
increases by a factor of 54. However, we found only a very minor decrease in grain charges of up to
30%. This implies that charge-moderated processes from thunderstorms on Earth, over early phases
of planet formation to particle motion on the Martian surface on short timescales essentially proceed
unhindered from a direct influence of cosmic radiation.
Keywords: Collisional charging, cosmic radiation, planet formation
1. INTRODUCTION
The project reported here was originally motivated by
two recent works by Steinpilz et al. (2020a) and Steinpilz
et al. (2019). In the first paper, Steinpilz et al. (2020a)
found in drop tower experiments that collisional charg-
ing can promote aggregation in early phases of planet
formation. Similar to the results of the ground-based
experiments of Lee et al. (2015) differently charged par-
ticles are able to form stable aggregates. Since collisional
charging seems to be omnipresent in various occasions
(Poppe et al. 2000; Cimarelli et al. 2014) it is quite log-
ical that charge-moderated aggregation can have an in-
fluence on planet formation. In the second paper, Stein-
pilz et al. (2019) give first data from a space station ex-
periment, indicating grains to be less charged. Steinpilz
et al. (2019) speculated that the higher cosmic radia-
tion levels in the space station environment might be
responsible for less charge on the grains. Since not only
the net charge of the grain’s surface might play an im-
portant role during aggregation but also the dipoles and
multipoles (Matias et al. 2018), local changes of charge
can have a crucial impact on aggregation. If cosmic ra-
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diation is able to neutralize charge, it might also have
consequences for quite different fields apart from planet
formation.
The most obvious and immediate application would be
to collisional charging within our planet’s atmosphere.
If charge levels varied between the ground and the top
of the troposphere, in consequence, it would influence
the formation of thunderstorms as they might at least
in parts rely on collisional charging of ice grains (Saun-
ders 2008). It might also be important at the surface
of Mars. This planet only owns a thin atmosphere and
has an insignificant magnetic field on planetary scale,
insufficient to protect it from energetic charged parti-
cles (Zeitlin et al. 2019). This results in high levels of
cosmic radiation on the ground. Nevertheless, also here,
collisional charging is discussed, e.g. in the context of
particle transport at the surface (Harrison et al. 2016).
We refrain from trying to place our work in detailed
context in all these applications. This would make this
introduction very heterogeneous as these fields are usu-
ally well separated and this would go far beyond this
work. In view of the results presented below, this would
also be excessive. Instead, we will just concentrate on
the basic question studied, namely, if collisional charging
is immediately influenced by the different cosmic radia-
tion levels present in these environments.
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2But why should cosmic radiation have an impact on
the charge state of colliding grains in the first place?
There are several aspects, that come to mind and that
might not be discarded a priori. First, cosmic radia-
tion provides free charges one way or the other. These
might simply discharge grains or charge them on a lower
level. In planetary applications on airless bodies, grains
are often considered to be charged and discharged by
radiation (Colwell et al. 2007).
Second, several charging mechanism are discussed in
the literature from trapped electrons in excited energy
levels to exchange of ions (Lacks & Mohan Sankaran
2011). Radiation can influence all of them, i.e. by pop-
ulating the higher electron states or ionizing the water
at a grain’s surface. Apart from this, cosmic radiation
can traverse grains and change the internal charge dis-
tribution, not only the surface. And last, in a gaseous
environment, charging is limited by breakthrough volt-
ages between grains (Wurm et al. 2019; Me´ndez Harper
& Dufek 2016). Also here, ionizing radiation or ions
provided by the radiation might trigger discharges more
easily.
As first approach to study if cosmic radiation really
has any influence, we built an experiment where grains
are charged in collisions in a varying radiation environ-
ment.
2. RADIATION ENVIRONMENTS
The idea behind this work is very simple - measuring
the charge on colliding grains depending on different lev-
els of radiation. There are quite different radiation en-
vironments though. Any effect might depend on the gas
(species and pressure), on the kind of radiation (γ, β, α,
protons, ...), on the radiation energy (eV to GeV), or on
the radiative flux (Herbst et al. 2019b).
Systematic studies in ground based laboratories with
specific radiation parameters might be useful. However,
as a first task we were interested in the question if ra-
diation of the kind relevant for protoplanetary disks or
planetary atmospheres would change collisional charg-
ing. Cosmic radiation is not purely of one kind and
energy but is a mix generated by different processes
from primary γ particles or protons at different ener-
gies to secondary cascades of deeply penetrating muons
and electrons. Using natural (cosmic) radiation might
be the simplest but also a very appropriate approach to
simulate (pre)-planetary environments.
The similarity of cosmic radiation on Earth and in
protoplanetary disks might not be stressed too much
but there are some common concepts. The surface den-
sities of the atmosphere on sea level on Earth and in
the midplane of protoplanetary disks at 1 AU are on
the same order of magnitude. In the minimum mass so-
lar nebula it is 17000 kg/m2 (Hayashi et al. 1985). On
Earth, it is 9800 kg/m2 (calculated from Earth’s fact
sheet at nssdc.gsfc.nasa.gov). What prevents charged
cosmic radiation to enter Earth’s atmosphere too deeply
are magnetic fields of about 50 µT. Such magnetic
field strengths are also present in protoplanetary disks
(Bertrang et al. 2017; Dudorov & Khaibrakhmanov
2014; Brauer et al. 2017).
The ionization rate in the dense midplane of proto-
planetary disks might be as low as α = 10−23s−1 and
not larger than 10−18s−1 throughout the disk (Cleeves
et al. 2013). On Earth, the number of ions produced
by cosmic radiation varies from about I = 1 cm−3s−1
on ground level to a maximum of about 1000 cm−3s−1
at the Pfotzer maximum (16-20 km altitude) in special
high energy events (Herbst et al. 2019b). Therefore, on
ground we have an ionization rate of α = 5 · 10−20s−1
increasing with height to about 5·10−15s−1 in these spe-
cial events. Here, we used α = I/(ρ ·NA/µ) with an air
density of ρ = 1000 kg/m on ground (ρ = 100 kg/m as
proxy for high altitude), a molar mass of µ = 29 g/mol
and the Avogadro constant NA = 6 ·1023 / mol. So both
ranges overlap, though the ionization rates in disks are
more comparable to those on the ground level on Earth
and below.
It might also be useful to have a look at the radia-
tion at the Martian surface. The Radiation Assessment
Detector onboard the Mars Science Laboratory (MSL)
rover Curiosity on Mars measured about 200 µGy/d
(Papaioannou et al. 2019). This would be an equiva-
lent dose of ∼ 2000µSv/d, assuming a weight factor of
10. So this radiation level is a few times higher than on
the space station.
For Venus Herbst et al. (2019a) calculate a maximum
atmospheric radiation dose for regular radiation condi-
tions of 240 µGy/d (∼ 2400µSv/h) in the upper atmo-
sphere with non-extreme radiation events. Under reg-
ular conditions, the radiation in all these environments
seems comparable to our applications in mind.
Again, the similarities should not be pushed to the
limit but at least this motivates an experiment based on
cosmic radiation on Earth. Altitude dependent cosmic
radiation should be a suitable first test case to evalu-
ate the influence of radiation during planet formation.
We therefore built a balloon experiment that measures
charging depending on height from ground to the strato-
sphere. The parameter of the surrounding gas shall be
kept as constant as possible in order not to distort the
results.
With this in mind, also radiation doses might be
compared for different heights. Measurements on the
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Figure 1. Line: Measured radiation activity in depen-
dence of the flight altitude, Dots: Calculated radiation dose
based on the EPCARD code provided by Helmholtz Zentrum
Mu¨nchen
space station show levels of 600 µSv/d (dose equivalent)
(Berger et al. 2017) while on ground one finds a typical
dose equivalent of 6 µSv/d. These measurements some-
what depend on the local environments and times but
this is roughly a factor 100. In agreement to these gen-
eral levels, we used the radiation calculator provided by
the Helmholtz Zentrum Mu¨nchen (Mares & Leuthold
2007) to give a height dependent radiation inside an air-
craft as shown in fig. 1.
The radiation levels off at about 700 µSv/d in the
stratosphere, which would also be in agreement to the
space station measurements at 400 km height not being
higher. By using a balloon that is supposed to reach
heights of 25-28 km, we therefore essentially sample the
radiation levels from ground up to the space station.
To monitor the radiation with height, we used a Geiger
counter in the experiment. This only yields an activity
value since the conversion factor for radiation above the
ground is unknown. But in the context of this work
we consider this sufficient as parameter to quantify the
radiation level. The measurements of the experiment
are also plotted in fig. 1. While the units are different,
the profiles are very similar.
3. EXPERIMENT
The experiment flew under the acronym IROCS (In-
fluence of Radiation on Charged Spheres) from Es-
range (European Space and Sounding Rocket Range)
in north Sweden together with three other experiments
on 23.10.19 on the stratospheric balloon BEXUS 29.
3.1. Setup
The experiment is placed inside a 200 mm diameter,
cylindrical, 3 mm thick aluminum pressure vessel. Bot-
Heating unit
Arduino + Ethernet shield
Motor
Geiger tube
LAMA
Light barrier
Hourglass
Mosfet board
Vessel lid
Figure 2. Sketch of the experiment components mounted
inside a pressure vessel. LAMA (LAdungsMess-Amplifier)
refers to the charge amplifier. The hourglass as main part
to charge and move grains is sketched in more detail in fig.
3. The mosfet board controls the heating unit and power
supply of the sensors.
tom and top are 10 mm thick. The overall mass of the
experiment is 8.5 kg. The vessel is air-tight to keep the
pressure at 1 bar during the flight. Fig. 2 shows a 3d
sketch of the experiment itself without pressure vessel.
The heating unit, consisting of a heating foil and a fan
keeps the inside temperature at 20°C. To aid condition-
ing the pressure vessel is wrapped in a thermal insulation
layer (not shown).
Inside the vessel all components are mounted on an
adapter made of PET, which is bolted to the inner vessel
lid. The whole experiment is power supplied by batter-
ies placed on top of the balloon’s gondola. An Arduino
Mega microcontroller controls all actions and reads out
the sensors. The temperature and pressure are mea-
sured inside and outside of the pressure vessel by two
atmospheric sensors. The sensor measuring the outside
pressure to calculate the balloon’s altitude is placed out-
side on the lid between the vessel and one layer of insu-
lation. To measure the radiation level a Geiger tube is
used inside the vessel.
Fig. 3 shows a sketch of the experiment’s main part,
the hourglass-shaped charging unit. The total length
of the hourglass is 143 mm. The hourglass can be ro-
tated by a DC-motor and mainly consists of two grain
reservoirs made of PET. The inner volume of each of
the reservoirs is 35× 35× 35 mm. The walls are coated
by the glass spheres from the inside to avoid collisions
between different materials, i.e. glass spheres and PET.
The reservoirs are filled with about 2600 glass spheres
with a diameter of 800 − 1000µm and a grain mass of
1.02 ± 0.16 mg. Two light barriers are used to control
the position and shaking of the hourglass.
The two reservoirs are connected by double-sided fun-
nels and two concentric copper rings. To guarantee an
4Top reservoir
Bottom reservoir
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Figure 3. Sketch of the hourglass. There are two reservoirs
of grains coated with the same glass spheres and combined by
two copper rings. Grains falling from the top to the bottom
reservoir pass through a copper ring. The induced charge is
measured.
undisturbed flow from the one reservoir to other these
funnels are not coated by the glass spheres. The funnel
orifice was chosen to be 2.5 mm in diameter to allow
only single spheres to pass the funnel.
The inner copper ring (3 cm length, 2 cm outer di-
ameter) is connected to a charge detector (LAMA) by
the core of a coaxial cable going from the inner ring
through a hole in the outer copper ring (see fig. 3). To
prevent the signal to be disturbed by electromagnetic
noise the outer copper ring (4 cm length, 3 cm outer
diameter), the shielding of the coax cable and the hous-
ing of the LAMA is connected to the electrical ground
of the power supply. The LAMA is placed rigidly on
the hourglass to rotate together. This shall prevent the
cables from twisting and thereby disturbing the signal.
In general, the LAMA measures the electric potential
difference between the ground (outer copper ring) and
the inner copper ring. The spheres falling through the
copper rings electrically induce a voltage depending on
the charge, which is amplified by the LAMA.
This charge detector is a recent development (Genc
et al. 2019; Kaponig et al. 2020). The output of the
LAMA is fed to a 16 bit AD-converter and charges (volt-
ages) are measured 860 times per second.
3.2. Inflight operation
By default, the experiment is fully operated by Ar-
duino Mega 2560 software in an autonomous mode. It
does not depend on a real time connection between
the ground station and the experiment on the gondola
and does not require manual intervention. An Ethernet
shield is used for transmitting and saving the data on
a 32 GB SD-card. Additionally, the Arduino serves as
a server and accepts requests from the ground station.
The ground station consists of a computer connected
to the gondola via the E-Link system (telemetry). The
sensor data and the state of the measuring cycle can be
queried and changed if necessary. Furthermore, com-
pleted measurements can be downloaded from the SD
card as a safety backup.
Fig. 4) sketches the whole measuring procedure. As
the first step the hourglass is turned in the horizontal
position and rotated about 15° up and down with a fre-
quency of 3 Hz. This shaking procedure continues for
10 s which gives the radiation sensor time to perform a
measurement. After that, the hourglass is rotated 90° in
downright position and jolted for 7 s to distribute some
spheres into the top reservoir. Meanwhile, the temper-
ature sensor data are read out and the heating unit is
adjusted. The hourglass is rotated 180° in the upright
position, then the LAMA is switched on and the mea-
surement is started. All spheres which got into the top
reservoir during the distributing process are now stuck
in the upper funnel. Providing some jolts to the hour-
glass single spheres are falling through the copper ring
and the induced voltage is measured by the LAMA. In
total, 10 jolts with an interval of 2 s are applied.
Then the cycle begins anew with shaking. In total, 174
cycles were performed during the flight and 35 closely
before launch.
3.3. Flight
The balloon’s trajectory is seen in fig. 5. The flight
started at 06:33 local time an hour before dawn and had
a duration of 3h and 26 min. After 1 h 25 min ascending
time the balloon reached a maximum altitude of 26.14
km and floated close to that level for about one and
a half hour. Coming close to the Russian border a cut-
down of the balloon was initiated. Here the gondola was
separated from the balloon and a parachute is opened
to slowdown the descending of the gondola. After 29
minutes the gondola landed in north-east Finland about
320 km away from its launch position. In total, the flight
lasted for 3 h and 26 min and provided a time of about
3 hours for experiments, since the measurement cycle
was stopped shortly before the cut-down. Atmosphere
data from inside and outside of the vessel were measured
until the power supply was removed from the experiment
during the gondola’s recovery.
Charging might depend on the temperature and the
pressure. We, therefore, tried to keep both quantities as
constant as possible.
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Figure 4. Measuring procedure: Shaking in horizontal position, rotating 90° and distributing grains to one side in vertical
position, measuring charges after 180° rotation.
Figure 5. Flight trajectory of BEXUS 29. The altitude is
color coded. The figure was generated with Matlab using
open source maps.
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Figure 6. Temperature inside the pressure vessel. Launch
time and end of the floating phase are marked by vertical
lines.
The temperature profile is shown in figure 6. Depend-
ing slightly on the temperature the relative air humidity
inside the vessel varies in a range from 34− 36%.
The measured pressure inside the airtight vessel
is nearly constant at 950 mbar. Small fluctuations are
caused by minor temperature differences in the progress
of the flight.
4. RESULTS
4.1. Radiation levels
Before each charge measurement, the Geiger tube in-
tegrated the events caused by radiation for 10 s. Fig.
1 shows the dependency of height (calculated from the
outside pressure) and the measured mean radiation lev-
els. Keeping in mind that the radiation is measured as
activity, the profile is similar to the calculated radia-
tion dose in fig. 1. Before launch and during floating
phase the radiation activity is at a constant level. At
the ground the rate is 0.33 s−1 and during floating phase
18.1 s−1, therefore we measured an increase of a factor
of 54.
4.2. Collisional charging
During every measurement cycle, a voltage curve is
measured by the LAMA. From these data signals are
extracted originating from a single charged sphere pass-
ing through the copper rings. Examples for a negative
particle as well as a positive charged sphere are shown
in figure 7.
When a jolt of the motor occurs a sphere is falling
through the funnel and enters the copper ring. If the
sphere is positively charged the induced voltage is in-
creasing. At the maximum, the sphere reaches the ge-
ometric centre of the copper ring. The sensor drifts
slightly. This is taken into account to calculate the
baseline of an event and the maximum voltage induced.
As the sphere leaves the copper ring, the voltage de-
creases again and the voltage reaches its original value
as shown for a positive grain in fig. 7 (top). We at-
tribute the slight asymmetries of the signal and the sig-
nal length of 0.3 - 0.4 s to details of the trajectories.
Grains enter through the funnel, where collisions decel-
erate the grains. These contacts of only milliseconds
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Figure 7. Signals of single charged spheres falling through
the copper rings inducing a voltage measured by the LAMA;
top: positive particle; bottom: negative particle, the long
tail is attributed to charge transferred to the bottom funnel,
slowly discharging due to connection to the ground. Typical
signal lengths are 0.3 - 0.4 s because the spheres are not
falling straight through the copper (0.1 s free fall time).
do not change the charge state of the grain significantly
compared to the high number of collisions during charg-
ing but explain the timescale of the signal which is some-
what slower than free fall.
The charge can be calculated by measuring ∆U . Due
to the finite length of the electrodes and open top and
bottom, the absolute charge is underestimated and the
signal does not reach a plateau. This occurs systemati-
cally though for all charges and does not hinder a further
comparison of charges relative to each other.
Fig. 7 (down) shows the signal of a negatively charged
sphere with a slightly different structure. While the elec-
trode recovers as the grain approaches the bottom, there
is a kink in the signal. We attribute this to the sphere
touching the walls of the funnel for a longer timescale
and transferring some charge. The signal then merges
into an exponential recovery. This can be explained by
a slow discharge of the funnel to the copper ring. The
timescale of discharge (RC) with a capacitance of ≈ pF
and a resistance of ≈ TΩ of the insulator is a reasonable
match to the observed exponential. These signals are
not the rule as a significant amount of charge can only
be transferred in the case a sphere gets to rest on the
ABS. Grains which get in direct contact with the funnel
during a collision, do not imply that the spheres dis-
charge in general. In addition, while the ABS has a sig-
nificant conductivity in the context of this experiment,
the glass of the sample grains does not. All container
walls which get in contact with the sample grains are
covered with the same glass particles, which serves as
an insulating layer and collisional charging occurs only
due to collisions with identical grains. Glass particles do
not discharge on the timescales of minutes important in
this experiment (Jungmann et al. 2018; Steinpilz et al.
2020a). In contrast, they even keep complex charge pat-
terns on their surface (Steinpilz et al. 2020b). Also, a
charging between grains and ABS would result in a bias
towards negative or positive charges on the grains due
to material differences along the triboelectric material
order. As seen in fig. 9, there is no significant bias.
Any short contact between grains and ABS, e.g. dur-
ing passage through the Faraday tube, only changes the
total charge slightly. In any case, ∆U represents the ini-
tial charge of the sphere up to a correction factor which
is the same for all grains. Due to the open electrodes,
measurements only give an estimated charge which is
systematically too low. Again, as we only compare the
charges relatively to each other, this does not affect the
overall conclusion.
The net charge of a sphere Q can be estimated as
Q =
C
A
· κ ·∆U. (1)
Here C = 63, 3 pF is the capacity of the LAMA, cop-
per ring and wires, A = 11 is the factor by which the
voltage is amplified by the LAMA, and κ = 2.434 is the
factor of a voltage divider.
We note that only some signals occurring after the
jolts can be used to evaluate a charge of a sphere. If
there are several spheres following each other too closely,
the signals overlap and an unequivocal correlation of
spheres and the dips/peaks of the voltage signal is no
longer possible. An example is shown in fig. 8 (b). As
the electronic is very sensitive, also abrupt jumps of the
voltage can occur as shown in fig. 8 (a). Such events
are ignored as well.
Fig. 9 shows a histogram of all measured charges.
The order of magnitude of maximum charge of 107e is
consistent with earlier measurements of charge densities
(charge per surface area) on grains made of the same ma-
terial in other ground based or drop tower experiments
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Figure 9. All 170 measured charges during flight and
pre-flight experiments. Due to particle-particle charging of
identical grains there are positive as well as negative charges.
(Jungmann et al. 2018; Steinpilz et al. 2020a). This in-
dicates that the charging process though resulting from
a different excitation of the grains yields the same equi-
librium values. The presence of positive as well as nega-
tive charges emphasizes an underlying stochastic origin
(Haeberle et al. 2018).
Fig. 10 shows the absolute charges on each grain
at the respective radiation level. The width mirrors
the natural charge distribution. The data are showing
three distinct groups. Values at low radiation are mostly
ground values and early ascend, low altitude values. The
second group gives charges at the fast ascending phase.
The third group has many data points due to the long
floating phase at maximum height.
The radiation dependent charge values are shown in
fig. 11. Here, data for 3 s−1 intervals are averaged.
There is one outlier which we attribute to the small
number of 4 measurements entering here. Otherwise,
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Figure 10. Absolute values of measured charges over radi-
ation level. Due to the required quality of the signals, data
are not distributed evenly during ascent which results in two
regions less populated with data points.
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Figure 11. Charges averaged for equidistant radiation rates
of 3 s−1 each. Error bars in charge are average errors or the
mean. Error bars in radiation are standard deviations. The
number of measurements of each data point is marked. The
line marks a linear trend consistent with the error bars, not
considering one outlier which we attribute to the low number
of included data.
within the error bars, there is a slight decrease between
the first and last data point. We included a linear trend
consistent with the error bars. In any case, the slope is
very shallow and the maximum possible decrease is only
about 30 % within the parameter range.
5. DISCUSSION
Grain charges generated by collisions are up to about
107e on the ground. At a radiation dose 54 times larger
the charge decreases measurably but only 30%.
Discharge by free ions cannot explain this reduction.
As estimated above, radiation only produces about 1000
free ions per cm3 per second. As worst case, this is
used completely to discharge grains. On the charging
timescale of minutes or 102 s this is a total of 105 charges
in the experiment volume. Distributed equally to 103
8grains this is 102 charges per grain, which is negligible
in view of up to 107 e produced by collisional charging
on a grain and continuous recharging.
The decrease in charging is only marginal. Therefore,
also small changes in common environmental parameters
might be responsible. It is known that charging depends
on humidity (Schella et al. 2017). Especially, high levels
of humidity might suppress charging. While humidity
in the experiment only varies slightly over time, we can-
not rule out an influence on the small scale measured.
Especially, as the temperature decreases (though only
slightly), the humidity increases in agreement to lower
charge levels at later times.
6. CONCLUSION
Cosmic radiation ionizes its environment and might be
important for all processes that involve charges in one
way or the other. In a balloon-borne experiment, we
collisionally charged mm-sized spherical glass particles
and measured their charge. The only parameter varying
strongly during the experiment was cosmic radiation,
which increased with altitude by a factor of 54 in rate
measured by a Geiger sensor.
Only a very small decrease in charging from ground
to the stratosphere was observed.
On the downside, with this small difference in charging
measured, we cannot decide, if radiation is responsible
at all as we cannot exclude the influence of slight effects
by temperature and humidity. On the bright side, the
differences are so small in any case, that cosmic radiation
might fairly be ignored during collisional charging on
timescales of minutes.
That does not mean that environments might not
change on long timescales by cosmic radiation. However,
it implies that – on the level of atmospheric dose rates
on Earth, Mars and in protoplanetary disks – radiation
plays no immediate role during collisional charging, does
not lead to discharge at least on timescales of minutes
and therefore is not important in any short time, charge
related events like thunderstorms on Earth or charging
in dust devils on Mars.
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